Previous paleomagnetic studies on deep-sea sediment cores from the central North Pacific have shown that the natural remanent magnetization (NRM) of these 'red clay' sediments was unstable below several meters depth in each core. It was also noted that the magnetic instability was related to the presence of a relatively large 1ow-coercivity component of magnetization. The purpose of this investigation was to characterize the rock magnetic properties in three select cores from this region to determine the physical .origin of the unstable magnetization. The principal findings of our investigation were as follows. A color change occurs in these cores at several meters depth, below which the remanent directions are uninterpretable. The color change has been ascribed to an increase in abundance of manganese micronodules with depth [Bramlette, 1961] . It has been suggested that the decrease in magnetic stability was in some way related to this increase in abundance of micronodules [Opdyke and Foster, 1970] .
). Both the low sedimentation rate and the small sediment thickness probably are related to the low biogenic productivity in the area [Fleming, 1957] and to the large distances from continental sediment sources. The marginal trenches surrounding much of the North Pacific basin also act as sediment traps and inhibit bottom transport of sediment to the center of the basin.
The magnetic instability in these cores was characterized by a d•crease in the quality of the natural remanent magnetization (NRM) directional data with depth. Alternating field partial demagnetization techniques were able to enhance only marginally the coherence of the data in the unstable sections of the core. The directional instability was apparently associated with an increase in a soft component of magnetization with depth.
A color change occurs in these cores at several meters depth, below which the remanent directions are uninterpretable. The color change has been ascribed to an increase in abundance of manganese micronodules with depth [Bramlette, 1961] . It has been suggested that the decrease in magnetic stability was in some way related to this increase in abundance of micronodules [Opdyke and Foster, 1970] .
The purpose of this study was to investigate in more detail the nature of the magnetic instability and its physical origin in three selected cores from the area. Additional magnetic data were obtained by utilizing samples originally measured and The level in the core, when it is viewed from bottom to top, at which the partially demagnetized inclination directions become less scattered and have an average value close to the expected dipole inclination is defined as the termination of magnetic instability. The sedimentation rates in the upper sections of the three cores examined, as well as the depth and extrapolated age of the termination of magnetic instability, are included in Table 1 .
To obtain a more representative estimate of the age at' which the termination occurs in this region, the age of this level was determined by extrapolation from the stable magnetic stratigraphy to the onset of unstable behavior in North Pacific cores previously studied by Opdyke and Foster [1970] . Twenty-four cores possessing a reasonably well defined Brunhes-Matuyama reversal boundary were used. Although the method of estimating the time of instability termination may have contributed to the spread in ages, these ages form a bimodal distribution with a peak at about 1.5 
NATURAL REMANENT MAGNETIC PROPERTIES
The relationship between the coherence of the remanent directions and the relative magnitude of a low-coercivity component of magnetization is readily seen in Figure 4 . The variation of magnetically cleaned remanent inclinations with depth is shown for two cores. A measure of the relative importance of the soft component of magnetization was devised as follows. For each core the ratio f(H) of the remanent intensity removed by partial af demagnetization in a peak field H (in oersteds) to the original NRM intensity was plotted as a function of depth in the core. In both cores this ratio 0c(50) or f(150)) was markedly larger in the lower magnetically unstable sections of the cores and exhibited relatively sharp decreases at the levels defining the terminations of magnetic instability. A soft component of magnetization, with a coercivity less than 50 or 150 Oe, makes up 80-90% of the NRM below the termination level but only about 20-40% above. Several large values of this ratio do occur in the upper apparently stable sections of the core. However, most of them occur at or near polarity changes and may be due to relatively low original magnetization intensity often associated with polarity transitions .
Progressive af demagnetization of the NRM's of several specimens from each core showed depth-dependent characteristics illustrated in Figure 5 by two specimens, one near the top and the other near the base of core RC10-158. After removal of a soft component of magnetization in about a 50-Oe alternating field, the NRM of the specimen at a 16-cm depth in core showed stable behavior against alternating fields. The remanent intensity gradually decreased, and the reinanent directions coalesced with increasing alternating fields. In contrast, the NRM of the specimen at a 706-cm depth in the core displayed unstable behavior. The remanent intensity decreased rapidly, whereas the remanent directions continued to change significantly with greater alternating fields. After demagnetizing in fields greater than 100 Oe, the remanence of this specimen changed substantially even during measurements.
The NRM's of several specimens from each core were also thermally demagnetized at progressively higher temperatures. Depth-dependent characteristics were again noted, as is shown for three specimens from core V20-102 ( Figure 6 ). The NRM of specimens from above the depth level of the termination of instability (Table 1) [Thellier, 1938] . A series of experiments was performed on five specimens from each core to determine to what extent VRM is important in these cores. After partial demagnetization in 300 Oe (af), each specimen was allowed to remain in a field-free space overnight. The specimens were then placed in a known orientation to a uniform 1.0-Oe field after initial measurements of their remanent magnetization. The remanences were remeasured at approximately logarithmically spaced intervals over a period of 1000 hours. All remanence measurements were made on a slow-spin magnetometer [Foster, 1966] Table 2 .
The VRM that could be acquired in 1000 hours in a field of 0.40e (approximately equivalent to the ambient field at the core sites) was calculated for each specimen on the assumption that the viscosity coefficient is linearly proportional to field in this range [Shimizu, 1960] .
In each of the cores examined the magnetic viscosity coefficient S decreased from the bottom to the top of the cores The with a 2000-Oe direct field were progressively demagnetized in alternating fields. Typical af demagnetization characteristics of these remanences observed in the core specimens are shown in Figure 9 . The total spectrum of coercivities in the specimens can be estimated from the af demagnetization of ARM [Larson et al., 1969] or SIRM. In all specimens studied all but several percent of the ARM were randomized in peak alternating fields of 600 Oe; 50% of ARM coercivities were apparently less than 160-210 Oe, the lower values occurring deep in each core. The af demagnetization characteristics of SIRM were in many respects similar to those of ARM. Clearly, very high coercivity magnetic particles were not abundant in these specimens.
The spectrum of coercivities carrying the NRM differed greatly with depth in core. In the upper more stable sections of the cores the NRM coercivity spectrum was, in general, similar to the total coercivity spectrum deduced from the ARM demagnetization curve. The af demagnetization curve of the NRM from the unstable section of the core, on the other hand, was more similar to that of the VRM. Although a stable component of NRM may be present, it was dominated by a viscous remanence that presented insuperable demagnetization and measurement difficulties.
Reinanent hysteresis curves were determined for each of the specimens by means of a solenoid for fields up to 600 Oe and an electromagnet for higher fields. The curves of IRM showed that maximum values of IRM were attained in fields of.less than 1200 Oe (Figure 10 ), this finding indicating again that large concentrations of high-coercivity minerals (such as hematite) were not present in these cores. The SIRM increased in magnitude with depth in each core and was accompanied by a proportionate increase in susceptibility k. This reflects an increase in concentration of the magnetic mineral. However, the reverse'field required to reduce the SIRM to zero (reinanent coercivity Hc'r) decreased with .depth, and an increase in the low-coercivity fraction is again indicated (Table 3 ). The unstable sections of the cores appear to be characterized by remanent coercivities less than about 275 Oe. õOpposing field necessary to reduce SIRM to zero (remanent coercivity).
MAGNETIC MINERALOGY
Extraction of magnetic minerals. In order to identify the magnetic minerals responsible for the observed magnetization properties of these sediments, the most highly magnetic minerals were extracted from the sediment by a technique similar to that described by L Curie temperature of 360øC observed in our thermomagnetic heating curves, in light of the X ray results, can then be interpreted as a decrease in magnetization resulting from the inversion of an oxidized magnetite. The 570øC Curie temperature phase is due to magnetite that was probably present initially and may also originate as a product of the inversion. However, the drop in magnetization at about 360øC in the thermomagnetic curves that would correspond to the inversion became less distinct with samples from greater depths in core, even though a more highly oxidized magnetite was indicated in the X ray data. This apparent contradiction between X ray and thermomagnetic data for the lowermost samples is difficult to reconcile.
The thermomagnetic behavior of a highly oxidized titanomagnetite with a low compositional parameter such as may be present here would be in many respects similar to that of a highly oxidized pure magnetite, since the presence of titanium does not appear to have a stabilizing effect [O'Reilly and Readman, 1971 ]. Small differences in titanium content should not alter the temperature of inversion but only change the relative proportions of the inversion products. For oxidized titanomagnetites with compositional parameters initially less than about 0.4, the inversion is always characterized by a decrease in magnetization IReadman and O'Reilly, 1970], although the inversion products, or at least their relative proportions, are expected to be somewhat different from those reported by Readman and O'Reilly because our analyses were performed in air, oxidation thus being allowed to occur readily. The temperature of inversion may depend on some other physical characteristics of the sample, such as the presence of other impurities [Pouillard, 1950 ], that we were not able to discern.
It is possible that maghemite may be present in materially important amounts in the magnetic extracts from deep in each core and therefore may be readily identified by X ray analysis, whereas magnetite may be present in concentrations just sufficient to be magnetically dominant in the thermomagnetic curves. Small concentrations of magnetite, if they are included in nonferrimagnetic grains, might not be oriented by the ambient geomagnetic field to contribute to NRM and would be difficult to identify by X ray. Some of the maghemite grains may also be superparamagnetic, as will be discussed below. This interpretation is consistent with the thermal demagnetization curves of NRM and a strong-field IRM of adjacent specimens from the magnetically unstable section of core V20-102 (Figure 6 ). The NRM was dominated by a low blocking temperature component, which we believe is carried by the maghemite but which did not contribute substantially to the IRM. The thermal demagnetization of the strong-field IRM is in some respects analogous to the strong- The grain sizes observed here are not necessarily representative of the grain size distribution of the magnetic minerals in the extracts because some ferrimagnetic grains may be included in larger paramagnetic or diamagnetic grains [Evans and Wayman, 1970 ; Hargrat)es and Young, 1969]. In addition, nonferrimagnetic mineral particles may be present as contaminants due to inadequacies of the extraction procedure. Our X ray data show that both may be possibilities in these extracts. It is safe to say, however, that the true magnetic particle sizes would be, if anything, smaller on average than the observed particle sizes. Although only several percent of the magnetic particles in the sediment were apparently removed, it is probably the ultrafine magnetic grains that escaped extraction, perhaps through association with nonferrimagnetic •, .
• In a given oxidizing environment the finest-sized grains would be oxidized most readily, since specific surface area plays a predominant role in the kinetics of the oxidation [Colombo et al., 1968; Gallagher et al., 1968] . However, very fine magnetite grains, which might be stable SD or PSD, may carry a substantial portion of the stable NRM that is thought to be acquired in deep-sea sediments by postdepositional interstitial grain rotations [Kent, 1973] . The low-temperature oxidation of the finest of these grains would substantially reduce the NRM intensity, since the products of the oxidation may be superparamagnetic or nearly so. If the grain size of some of the oxidation products is not below the superparamagnetic threshold but allows them to have relaxation times of the order of months or years, it is possible for these grains to contribute toward a secondary component of magnetization such as VRM, as appears to have occurred to a large extent in the lower section of the cores from the central North Pacific. A chemical remanent magnetization (CRM) may also be acquired as a result of oxidation occurring in the geomagnetic field. However, it has been observed in laboratory experiments that such a CRM is generally of weak intensity and low magnetic stability, at least for pure magnetite [Johnson and Merrill, 1972] , and could possibly be difficult to distinguish from VRM.
The extent to which in situ low-temperature oxidation of magnetite can occur in sediments is also dependent on the availability of oxygen and the time constant for the reaction. The source of significant amounts of oxygen in the ocean bottom environment is contained in the bottom waters.
Generally, deep-sea sediments become effectively isolated from this source after burial to some depth, and any oxygen remaining is rapidly used in the oxidation of organic matter. The low rates of sedimentation in this area would allow particles at the sediment-water interface to be exposed to the oxygenated bottom waters for some length of time. This exposure would be considerably lengthened by bioturbation (for which some evidence is present in these cores) if it results in a thoroughly mixed layer near the sediment surface. For example, for a mixed layer thickness of 5-10 cm [Ruddiman and Glover, 1972] and a sedimentation rate of 1 mm/1000 yr, any particle deposited will have access to the oxygenated bottom waters for a period of time from 50,000 to 100,000 years before effective burial. Significant oxidation may occur over this time range. An increase in sedimentation rate would decrease the exposure time for the sediment. It is also possible that some maghemite was formed prior to deposition. For example, oxidation of magnetite grains may occur in the water column before they are incorporated in the sediment. A simple Stokes' law calculation shows that the time required for a SD spherical magnetite particle 0.03 #m in diameter to settle through a 5200-m still-water column is about 120,000 years. Oxidation during settling might be expected to be most pronounced in the finest grains because the time spent in the oxygenated water column varies inversely with the square of the particle diameter. Oxidation of particles in the water column would also be cumulative with that occurring near the sediment surface.
It is apparent that a variety of sedimentological and geochemical factors may be responsible for the change in degree of oxidation and the range of magnetically stable grain sizes that we believe to be the explanation of the change in magnetic properties of these sediment cores with time. These factors are in turn controlled by changes in the environment.
The bimodal age distribution of the magnetic instability termination levels and, in.particular, the 3.0-m.y. mean age (Figure 3) (Table 1) .
The termination of instability in central North Pacific red clay piston cores was associated as well with a sediment color change and a decrease in manganese micronodule concentration [Opdyke and Foster, 1970] . The color change was also observed in DSDP cores from the same region. It distinguished the intermediate from the upper red clay facies and was due to a relative decrease in amorphous iron-manganese oxides and an increase in detrital materials of probable eolian origin [yon der Borch and Rex, 1970]. The increased detrital input and sedimentation rate, accompanied by a perhaps related change from the more oxidizing environment that produced the manganese micronodules, would result in an increase in the unoxidized fraction of magnetic grains available to carry a stable remanence.
Our explanation for the magnetic instability in red clay sediments is dependent on the correct identification of the mineral responsible for the unstable NRM as maghemite and its mode of formation. In this respect the apparent discrepancy between thermomagnetic and X ray data for the samples at depth, and also the change in the character of the thermomagnetic (heating) curves with depth in each core, may require a fuller investigation, which is beyond the scope of this paper. A perhaps related problem is whether the magnetic extract was representative of the magnetic mineralogy of the sediment, since apparently only several percent of the total was obtained with our technique. However, the similarity between the thermomagnetic curve for the extract and the thermal demagnetization curve of a saturation IRM involving the entire magnetic mineralogy of the sediment would argue that information gained from the extracts is not atypical.
If it is assumed that maghemite is responsible for the unstable magnetic behavior, other explanations for its formation cannot be summarily dismissed. For example, some of the maghemite may have formed authigenically, perhaps related to the occurrence of the amorphous iron-manganese oxides, and not as a result of oxidation of detrital magnetite. This possibility is suggested by the decrease in saturation remanence from the unstable to the stable sections of the cores; an increase in saturation remanence would have been expected owing to increased detrital input. Authigenic formation of' maghemite and low-temperature oxidation of original magnetite may both occur under similar highly oxidizing conditions, so that their relative contribution may be difficult to establish. The absence of a substantial stable component of NRM in the lower sections of the cores, in spite of the thermomagnetic evidence for the presence of magnetite, suggests that at least some of the maghemite detected was produced by low-temperature oxidation of magnetite grains that were originally contributing to the NRM. It will be interesting to see if similar effects are associated with very slowly deposited sediment of different lithology and from different areas of the world ocean.
